October 16, 1965

Reference: Contract NAS 8-4012

SUBJECT: NAS 8-4012 Eleventh Quarterly Report
Dear Mr. Wood:

1, Current Status of Technical Work

This report outlines the progress made in the period July 15, 1965
through October 1, 1965 on NASA 8-4012 - "Design Criteria for Zero Leakage
Connectors for Launch Vehicles''. As in the previous quarter, efforts have
been directed toward completion of four specific tasks:

a) Computerization of the design procedures for flanged and
threaded tube connectors.

b) Advancement of the mathematical model for study of the
interface sealing phenomenon.

c) Design, construction, and utilization of a leakage apparatus
for experimental study of seals at high and low temperatures,

d) Design of a threaded tube connector incorporating the super-
finish sealing surface principle.

The attached technical progress report explains in detail the extent of
completion of each task, Briefly, programming of the flanged connector design
procedure is approximately 50 percent completed; work has started (ahead of
schedule) toward computerization of the threaded tube connector design, With
regard to the mathematical model for the interface, . efforts have been directed
toward utilization of the newly expanded computer program and assessment as
to whether the current area of contact/displacement curves gained from the
program can be easily correlated with area of contact versus load curves gained
from the literature. The leakage apparatus for experimental seal study has
been completed, checked out, and used satisfactorily for three tests. The
feasibility study toward use of the super-finished sealing principal has recently
yielded an encouraging result in that electron beam welding of the flanges and
unions to tubes has not caused excessive warpage of the sealing surface.

Digital computer programming of the flange connector design procedure
is being accomplished by R. E. Smith, assisted by E.J. Le Clerc. Computer
programming of the threaded connector design procedure is being accomplished
by M. Ray. Advancement of the mathematical model for interface sealing
investigations is being done by F.O. Rathbun, Jr., and H., Moore. Mr. J.
Lanewski, assisted by Mr. R. White, is responsible for experimental




evaluation of seals at high and low temperatures. Design of the super finish
sealing threaded tube connector is being accomplished by Mr, B. Weichbrodt.

2. Finances

Expenditures and commitments through September 26, 1965 were
41 percent of the authorization for the contract. Man hours expended through
June 30, 1965 were 3378, 2.

Very truly yours,

F.O. Rathbun, Jr.

Mechanical Engineer

Mechanical Technology Branch
Mechanical Engineering Laboratory
Research and Development Center
Building 37

Room 680

Tel, 374-2211 - Ext. 5-4972



.
LW DN

. (3
.

cnu:-'wwp-n

DN DD DN DNDNDN N - =

[ T e O R =
. . .

- L3

[ S O T

. N

NN N
Ol v W N =

oo
D

W www w
B W =

21 Y N S N U U R

N N N N N N N T
W RO =

TABLE OF CONTENTS

Page

Computerization of Connector Design Procedures . 1-1
Flange Check Design , e e e e e e e e . 1-1
Introduction. . . . . . . . . . . . . . .. . . 1-1
Design Addenda . B £
Check Designs . . . e . e 0 e e . 1-2
Computer Programs for Flanged and Threaded Connectors . 1-3
Computer Program for Flanged Connector Design. . 1-3
Introduction . . . 1-3

Integral Flanges - No Contact Outs1de the Bolt C1rc1e 1-3

Integral Flanges - Contact Outside the Bolt Circle . , 1-4

ILoose Flanges . . . . . ¢« « v v ¢ o o « « « . . 1-4
Schedule., . . . e e e . . 1-4
Computer Program for Threaded Connector DeS1gn . 1-4
Mathematical Model of Interphase Sealing Phenomenon . . 2-1
Introduction . . . .. e e e e e e . 2-1
Review of Computer Program Concept e e e e e . 2-1
Calculated Surfaces Mated . . . . . e e e . 2-2

. 2-5

Thecretical Area of Contact Cousmetat;ous
Results of Area of Contact--load~displacement Relatlonshlps

Investigation . e e e e e e e e 2-6
Future Plans , . . . . . . . . . . . 2-8
Advanced Leakage Experiments . 3-1
Introduction . , . e e e . 3-1
Proposed Test Program e e e .. . 3"1
ProgresstoDate. . . . . . . . . . . . . . . . .31
Future Work. . . . . . . . « . . . . . . .. . 3-3
Tube Connector Utilizing Superfinished Sealing Principle . . 4-1
Introduction . . . e e e e e e e e e e e . 4-1
Conclusions and Recommendatlons c e e e e . . . 4-1
Test Program ., . . e ]
Discussion of Test Results . e B
Quality of Superfinished A-286 Surface .. . 4-3
Hardening Heat Treatment of A-286 . . . . . . . . 4-4
TIG-welding of Connector to Tubing . , . ... . 4-4
Electron Beam Welding of Connector to Tubing . . . .4-5
Feasibility Study of 4000 psi Convector., . . . . . . . . .4-6



am e am =

1. Computerization of Connector Design Procedures

1.1 Flange Check Design

1.1,1, Introduction

The purpose of this subtask is to provide a check design for flange
connectors previously designed under conventional procedures and presently
being used by NASA. These check designs will make use of the design proce-
dures in the Separable Connector Design Handbook, Chapter 2, with any
modification or addenda that may result from the utilization of other wrenching
or bolting techniques. The size, type of service, and other information per-
taining to operating conditions has been furnished by NASA, so that a compari-
son with the existing designs will be possible,

Since the flanged connector computer programs are in various stages
of completion as indicated in section 1.2 of this report, the analysis sections
of the computer program that have been written and debugged will be used
wherever possible in the check designs.

1.1.2. Design Addenda

The designer of flange connectors is concerned with several .
parameters before proceeding with the detailed ‘desigr.. Some of these
parameters may be of practical consideration, such as the type of nuts and
bolts, wrenching techniques, or perhaps a more stingent requirement of
weight minimization. The Design Handbook, Chapter 2, has optimized the
design of flanged connectors for launch vehicles based on utilizing hardware
(nuts and bolts) per specification ASA B18. 2 and using box type wrenches
the torquingtool. The sizes of the nuts and bolts, and the clearance require-
ment for the wrenching tool are input parameters used to make up Table 2.1
on page 2-15 of the Design Handbook, As mentioned in the footnote to this
table, other wrenching techniques should be investigated. These other tech-
niques may result in an appreciable size weight reduction of the connector.

To provide the designer with the above-¢hoices, 'additionalfableshave
been derived based on other wrenching techniques. Table 1.1 was derived
using hardware per specification ASA B18. 2 (same as Table 2.1 page 2-15)
and a hexagonal socket wrench per MS16581 as the torquirig tool. Table 1,2
was obtained using internal wrenching nuts (12 point socket) and bolts thus
providing a more compact design since the requirement of wrench clearance
is eliminated. To appreciate the weight reduction that was obtained, flange
connectors were designed using the various tables, The design procedures
established in the Design Handbook were utilized and the connectors designed.
for the following conditions: (preliminary layouts only):
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P max oper = 140 psi

Design Temp = —-297°F

Pipe size = 8,00.D, x 0.062 wall

Gasket thickness = 0,062 inch

Gasket width = 0. 25 inch

o yield (Flange Material) = 30,000 psi

0 yield (Bolts) = 40,000 psi

Effective seating stress for gasket = 1850 psi
Gasket stress  for - effective seating = 925 psi

Using the above parameters and the tables (Table 2.1 of Design Hand-
book, Table 1.1 and Table 1, 2 of this report) three connector designs were
obtained. These designs are shown in Figures 1.1 - 1.3 with their calculated
weights., The results of the three designs are tabulated below.

% Weight Savings

Design Weight over Design 1 Comments
1. Handbook 13. 6# -- Using Table 2.1 of

Design Handbook
(box wrench)

2. First Modification 11, 0# 19 Using Table 1.1
(socket wrench)

3. Second Modification 7. 4# 45 Using Table 1,2
(Internal wrenching
Hardware)

As indicated,use of the internal wrenching hardware resulted in a
weight savings of 45 percent. If a design requirement is the reduction of
weight, the internal wrenching hardware can provide this and still utilize
hardware which is available and not considered special.

Figure 1.2 shows that some additional savings are possible because
unnecessary clearance exists between the nut and the bolt of the flange. An
additional two percent savings can be obtained (47% total) by the perturbation
of Second Modification (elimination of tolerance buildup).

The results obtained used the preliminary design section of Chapter 2
of the Design Handbook. Before the weight reduction is fully realized, it is
necessary to perform the detailed stress analysis to confirm that the design
is satisfactory.

1.1.3. Check Designs

The design addendum has shown that to realize appreciable minimiza-
tion of weight, the internal wrenching hardware should be used. In the check
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designs this hardware will be used (Table 1,2 of this report will be used

instead of Table 2.1 page 2-15 of Design Handbook) so that weight optimization
is achieved.

The check design inputs received from NASA indicate the use of a
Naflex seal as the sealing mechanism. The useofthis seal normally dictates
the use of Aanintegralflange with contact outside the bolt circle. Since the analysis
section of the computor program for this type of flange has not yet  been de-
bugged, a trial check design will be done using no contact outside the bolt circle,

Two versions of this design will be examined, (See Figures 1.4 and 1.5.)
The flange projections outside the gasketcirclein Figure 1.5 are to retain the
seal and not to provide an additional load path. As can be seen from the two
figures, the resultant configuration will evolve from both stress considerations
and seal space envelope considerations.

1.2 Computer Programs for Flanged and Threaded Connectors

1.2.1 Computer Program for Flanged Connector Design

1.2.1.1 Introduction

The digital computer program currently being written to optimize the
design of flanged connectors can be broken up into five logical sections, inter-
connected as shown in Figure 1.6.

The entire effort during the second quarter has been directed toward
the analysis section in an effort to obtain a working stress analysis program,
This effort has been partially successful in that an operating program to analyse
integral flanges with no contact outside the bolt circle has been obtained. The
additions necessary to handle integral flanges with contact outside the bolt
circle have been written but not completely checked out.

1.2.1,2 Integral Flanges - No Contact Outside the Bolt Circle

The portion of the analysis section which deals with flanges having no
contact outside the bolt circle was checked out using the numerical example in
the handbook on page 2-81, Considerable difficulty was encountered in trying
to match the results presented, and a recheck of the handbook calculations
uncovered some numerical errors in the sample problem solution, An errata
sheet covering these correction will be prepared at a later date.

The checked out partial program for integral flanges is presently being
used to obtain the stresses for the check designs in Task 1. 1.
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1.2.1.3 Integral Flanges - Contact Outside the Bolt Circle

The subroutines necessary to handle this type of flange have been
written but have not been completely checked out. Specifically these subroutines
are INIT 2 and FORCE 2. (See Figure 1,7.)

1.2.1.4 Loose Flanges

In order to obtain a complete working program for the integral flange
type of connector in the shortest period of time, the programming of the
subroutines applicable to the loose flanges has been postponed until after the
integral flange program is completed and checked out.

1.2.1.5 Schedule

The estimated completion dates for various activities within this task
are shown below. These can be considered as replacing the milestones as
originally set up since the sub-tasks have been redefined.

Task Begin Einish
1.2.1 Flanged Connector Design Program May 1, 1965 Feb., 11, 1966
1.2,1.1.1 Programming of Analysis for Inte-

gral Flanges Only May 1, 1965 Oct. 15, 1965

1,2.1,1.2 Programming of Analysis for Loose
Flanges Only Jan, 10, 1966 Feb. 11, 1966

1.2.1.2 Programming of Design & Design
Revision Section Oct. 15, 1965 Dec. 24, 1965

1.2.1.3 Programming of Input & Output &
Assembly of Entire Integral Flange
Program Dec. 13, 1965 Jan. 14, 1966

1.2,1.4 Documentation Jan. 24, 1966 Feb, 11, 1966

There is no separate task for debugging as originally indicated, since the de-
bugging of each subroutine or task is included in the time periods shown.

1.2.2 Computer Program for Threaded Connector Design

Since this entire threaded connector design is represented by combina-
tions of equations, the greatest effort to date has been put into breaking the
combinations down into logical sections and programming these sections as
subroutines, Each subroutine can then be thoroughly checked using the example
included in the Handbook design. One subroutine has already been written to
solve the linear simultaneous equations and is now being checked. The
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subroutine to evaluate the Kj constants has been written and is also being
checked, The Cj coefficients are being analyzed for repetition of groups of
variables so that computer running time can be reduced.

Figure 1.8 shows the presently planned flow chart for the threaded
connector design program.

Subroutines Written -

SOEQU: - The coefficient matrix and the constant vector are reduced
to upper triangular form and the dependent variables are solved for by
back substitution. Each element is tested for zero before being oper-
ated on the save computing time, Time is further saved by having the
matrix in common storage so addresses will not be set up each time
the subroutine is used.

CALC: - To evaluate the Kj constants. Again computing time has
been saved by use of common for the variables. Further more, the
equations have checked for any repetition of groups of variables and
these are calculated only once.
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HANDBOOK DESIGN UTILIZING TABLE 2.1 Page 2-15

|4-——>1.326=HI

Heavy Hex Nut
ASA B18.2 (1960)
(7/16)
Ry = 5688 N
- I B N
R = 5. 000 -
/
T
%
R, = 4.000 — Ry = 4.264
R~ = 3.99
R, = 3.938" G

Weight - 13.6
Scale - 2:1

Figure 1.1
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FLANGE DESIGN UTILIZING TABLE 1,1

le—] . 312 = 5

)
ROL = 5.299
]
RBC = 4,799 T
hy
? Z__+_ -~
_RHI = 4,250
|——RO = 4,000
RG = 3.99
RI = 3.938
Weight - 11.03
Scale - 2:1
Figure 1.2
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FLANGE DESIGN UTILIZING TABLE 1.2

H_=.,274 >
I I'<—->| Thread Length

: <—- Nut
R = 4.602 — 4

/ \ Clearance

—R_ =4.00
O

NN

2]
f
w
Vo)
[de]

G =
RHI 4.162

R_=3.938

Figure 1.3
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CHECK DESIGN "A'" NAFLEX SEAL INSIDE SECONDARY LOAD PATH

148" .238
T T f—— — —
3. 0 Radius
o L
. - —— —— 2. 66R Bolt Circle

. I\i——
T L 256 s
L— 2.0 Radius —2. 317 Radius

Scale - 2:1
Figure 1.4
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CHECK DESIGN "B'' NAFLEX SEAL OUTSIDE SECONDARY LOAD PATH

- . 148
—<—_ 070
~—] . 238
| ] ¢ L-—=4 L——-B.ORadius
—
| —
. ﬂ—_—{;———‘2.66 Rad. Bolt Circle
I | ngu—
FI I\
- \
y ! \
| —2.44 Rad. — . 188
— 2.0 Radius 238
L——2.16 Rad.
Scale 2 : 1
Figure 1.5
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Input Section

Pipe parameters, material properties at room temperature
and at test temperature; gasket properties, allowable
stresses, design values of pressure, temperature, axial
load, etc., for each operating condition.

J

Design Section

Calculate preliminary design values of hub thickness, length
and taper; flange dimensions; bolt size and number.

\

Analysis Section

Calculate forces, moments, deflections and stresses at
critical points within the hub and flanges. Calculate
maximum ratio of stress to allowable stress for all
operating conditions at critical points. Calculate gasket
locads and deflections.

[

Design Revision Section

Check gasket load against minimum allowable. Check for
excessive deflections of flanges. Revise dimensions to
bring maximum stress ratios to 1.0 at critical points.

|

Output Section

Print input parameters, load conditions, etc. Print stresses
and dimensions after each revision if desired.

Print final dimensions and stresses.

LOGICAL DIVISIONS OF FLANGED CONNECTOR PROGRAM

Figure 1.6
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Flanged Connector Design Program

READ INPUT PARAMETERS
OUTPUT - TITLE, HEADINGS,
INPUT CONDITIONS

{ .

Call DESIGN

ICOND
IEND =

=0
)

l

Call HUB
£ 0
Test ICOND
v’
JL Test ITYPE F
=1 l: 9 l: 3 l: 4
Call INIT1 Call INIT2 | Call INIT3 Call INITH
[ | Test ITYPE T

[

Call FORCE1

Call FORCE2

1

v

1:4

Call FORCE3

Call FORCY.4

v

y

Call STRESS

v

Call MAX

v

L Test KOUT

‘=1

.L Call OUTPUT 1

STOP

IEND = 1

=0

Test IEND
=0

is ICOND = LAST?

no

—

i }———4 Test IALTER

yes

l Call REVISE 1

ICOND = ICOND+1

Figure 1,7
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THREADED CONNECTOR DESIGN PROGRAM

Read: Input Parameters

'

Calculate Approximate Dimensions
for Initial Design

l

CALC

Calculate Constants K;

'

Calculate Cl thru 034

l

Solve Equations for Deflection,
Rotation, Forces and Moments
in Nut due to a Unit Force

l
Y

Calculate Spring Constant
for the Nut

l

Determine Preload

!

Calculate C35 thru C104

|

SQLEQU
Solve Equations for
Flange and Union

!

—»OK

Change Dimensions Calculate Stresses —-PJ Check Stresses
T
Figure 1.8
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2. Mathematical model of interphase sealing phenomenon

2.1 Introduction

In the last quarterly report (quarterly report No. 10, July 15, 1965),
several modifications to the computer program existing at the end of Phase III
were stated as being necessary for use of the computer concept in a realistic
fashion. Those modifications, six in number, have been successfully added to
the program and have been used during this reporting period. Briefly, the
modifications are:

a) Addition of a periodic or arbitrary nature to the asperity distribution
in a direction perpendicular to the potential leak path direction.

b) Addition of a periodic or arbitrary nature to the surface in a
direction parallel to the potential leakage flow.

c) Additionof an arbitrary or periodic nature to the surface at some
angle other than parallel or perpendicular to the natural leak flow direction.

d) Mating of such a generated surface with another generated surface
(rather than merely with a flat plate), ‘

e) Addition of a larger number of possible height increments to the
surface, namely extending the computer programming from 22 increments to
120 increments.

f) Increase in the plane area of the surface from 50 by 100 to 100 by
200: units.

With these modifications successfully included in the computer program,
efforts have been directed towards evaluation of the computer program with
regard to realistic growth of area of contact and assessment of the area of
contact-displacement curves gained with an eye toward extending this relation-
ship to an area of contact—load relationship.

2.2 Review of computer program concept

The goal of the present effort is to describe adequately in a digital .
computer system two surfaces comparing favorably to surfaces manufactured
by real machining or grinding techniques, to mathematically force the two
surfaces into contact, to realistically cause the asperities to deform and the
leakage paths to become reduced, and to assess the probability of leakage
existing in such a system. Where possible, probability techniques will be
called upon to accomplish the total program. A use of the resultant program
will be to establish the effect, by repetitive use of the mathematics, of the
effective width, surface finish, material properties, and other parameters on

AV]
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the sealing phenomenon. It is intended that the computer program will replace
extremely large amounts of testing of sealing surfaces,

At the present time, mathematical surfaces having the same probability
distribution of asperity heights found in real surfaces have been generated.
Non-random surface properties have been added, but to date, not used in a
rcalistic fashion., By mating such surfaces together, utilizing the Abbott's
bearing assumption, it has been possible to "'watch' the growth of areas of
contact and the diminution of possible leak paths, By use of s maze threader,
the point at which leakage is quelled is noted. To date, the surfaces have been
put together incrementally, without consideration of the loads required. As
yet, material properties have not entered the calculations.

It is intended that, upon accomplishment of realistic surface generation
and the mating thereof, leakage calculations through resulting passages will be
done allowing the entire material deformation-leakage problem to be solved

via computer techniques. It is' possible, however, should the metal asperity deformation

problem be solved, that leakage calculations may not have to be accomplished

in order to gain beneficial results from the program. It may be possible, with
use only of the present maze threader, to produce graphs relating the various

seal parameters to probability of leakage.

To date, the major concerns are the realism of the present computer
h

program and the incorporation of material properties into the system.

2.3 Calculated surfaces mated

To evaluate the modifications made in the computer program, six
different combinations of sealing surfaces have been mated together. Using
ten increments of height for a random distribution of asperities as gained
from the inputs necessary for lapped surface generation, and superimposing
on this a periodic function utilizing six increments of height, it has been
possible to genérate surfaces having the possibility of 16 increments of height,
Such a surface by no means exhausts the capabilities of the computer program,
but it is adequate for evaluating the modifications. The periodic function used
is that of a wedged shaped wave form utilizing a 1 to 1 height-lateral distance
relationship. The resultant wave form is shown in Figure 2.1. Basically,
this periodic function is put into the computer program such that the ridges
caused by this function run perpendicular to the leak flow direction.

The final surface asperity distribution as viewed in a direction perpen-
dicular to leak flow direction does not necessarily resemble the wedge shape
shown in Figure 2,1 since 10 increments of height are used for the random
distribution. (The total fraction of possible asperity heights utilized for
the periodic wave form is only a bit over 1/3 of the total.) Thus, the resultant
form should hint at periodicity but be dominated by the random nature.
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Using the above described basic surface generation, six separate
matings have been accomplished. To describe the six uses, the simplest
technique is to ignore, for the moment, the random nature of the surfaces.
Showing only the wedge shaped characteristic of the surface, the first three
matings are described in Figure 2.2,

It is to be noted that the lower surface has been generated to a width
of 80 units. The upper surface with which it is to be mated is 50 units wide.
This disparity in width allows the upper surface to be displaced laterally up
to 30 units. In the cases shown herein, it would be meaningful to utilize only
six possible displacements (one unit at a time) in that further displacement
would produce repetitive cases. Herein, cases 1, 2, 3 are displacements of
zero, three, and six units. The resultant matings allow:

1) direct peak to peak mating,

2) a partial peak to peak mating,

3) completely out of phase mating such that the resultant surfaces,
when mated, exhibit only their random characteristic.

Cases 4, 5, and 6 utilize the same asperity characteristics on both
surfaces if viewed in any plane perpendicular to the leak flow direction. The
cases employ the same three translations of the top surface to the bottom.
However, in order to assess a case where the asperities are not exactly
parallel (as for two machine surfaces, each having a lead) the top surface has
been modified so that its asperities run (in a digital manner) at an angle to
the periodic asperities on the lower surface. Figure 2,3 illustrates the surface
generation used. As can be noted, the upper surface has, with regard to its
periodic asperities, a 3 to 1 slope with respect to the lower surface asperities.
Because of the digital nature of the surfaces, the entire asperity ridge cannot
be rotated at an angle. Rather, it is necessary to advance parallel for three
units, then to translate the next three units to the right ''one', and the follow -
ing three units again to the right ''one'. In this manner, the general trend of
asperity peaks are not parallel but cross at an angle, in this case that angle
indicated by a 3 to 1 slope of the upper surface. In this case, where the actual
interface surface is only 100 by 80 units, the digital nature of the surface
generation would be considered serious. However, should 200 by 300, or
even larger areas be used, then this deviation from realism is not considered
to be too serious.

For each case, both the upper surface and the lower surface are printed
out individually on computer sheets. Figure 2.4 illustrates the system for
height representation., Each number on the print out sheet represents, for the
original surfaces, a height from a reference line which is placed one unit
above the peak asperity height. The heights for the original surfaces are so
specified that no rotation or inversion of the surfaces is necessary to place
one surface upon the other. The initial mating print out places one surface
upon the other and subtracts from the sum of the heights the two units representing
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the reference line distances. Generally, the initial print outs should evidence
extremely few areas of contact., Thereafter, the surfaces are brought together,
one unit at a time, and the resultant number represents the sum of the original
two heights as measured from the reference lines minus two minus X, X being
the number of units through which the top surface has been displaced toward the
bottom., At any location on the surface, should the value of the digit listed be
either zero or negative, it is not printed and the omission indicates contact
between the two surfaces.

In that, for the first mating print out, a possibility of 28 heights exist
(and only 10 numerical digits exist) letters are used for indications of heights.
Figure 2.5 shows the scheme used, It is to be noted that there is a difference
in the printing of a zero and the letter O, The zero symbol has vertical sides,
whereas the O is somewhat rounder in configuration,

In that a surface having 100 by 80 units takes two computer sheets to
describe, herein only half of each surface or gap distribution is shown, namely
the 50 x 50 area. A surface as illustrated herein has a leakage path running
across the page and the tangential direction running vertically (as the numbers
are read). In that a total description of all six cases entails the use of 160
different illustrations, only selected samples are shown in this report. The
original surfaces, 'being ‘completely numbered, are . somewhat uninter-
esting in that the significant aspcct of the computer sheets is the visual repre-

sentation of areas of contact, Figures 2,6 through 2. 11 show the gap distribution

and areas of contact for case 1 in the conditions of displacements 1, 3, 5, 7, 9,
and 10. In the latter case, sealihgis yettobe affected. Only the lower half of
each total surface is displayed. At the bottom of each illustration, the state-
ment ''there are XX, XXXX% zeros' indicates a per cent area of contact exist-
ing at the degree of mating. The remaining symbols '"I= ,J= , N= ,
M = "', indicate the size of the array and the point to which leakage has
advanced,

To illustrate the effect of slipping the top surface over three units with
respect to the bottom surface (therefore mating the surfaces in a manner other
than peak to peak), Figures 2. 12 through 2. 16 show the gap and area of contact
distribution for the fourth, sixth, eighth, tenth, and twelfth levels of displace-
ment. Even at the twelfth displacement, sealing has not yet been effected,
being effected at the thirteenth displacement.

Figure 2,17 shows the third set of surfaces in the eleventh displacement,
displayed only to show the randomness of the area of contact distribution.

The results of mating the fourth set of surfaces, those involving the
periodicity of the surfaces at an angle rather than parallel, are shown in
Figures 2, 18 through 2. 24, the second, fourth, sixth, eighth, tenth, twelfth,
and thirteenth displacement respectively. The thirteenth displacement resulted
in the leakage being quelled.




As one might expect, when the two periodic parts of the surfaces are
at an angle other than zero, slipping one surface three units with respect to
the other should not result in a significant change in either the growth of area
of contacts or the point at which leakage is quelled. Statistically, the two
results should be very much the same. As it turned out, the results were
almost identical the leakage being quelled at the fourteenth displacement in
test Number 5 as opposed to the thirteenth in test Number 4. When the growth
of areas of contact with displacement were plotted, the two tests were
identical.

While Case 6 is not illustrated herein either, one would expect that it
also would be very similar to the fourth and fifth test. Leakage was stopped
at the thirteenth displacement in Case 6, Only a small change in the area of
contact-displacement curve from cases 4 and 5 resulted.

2.4 Theoretical area of contact considerations

The computer program, thus far, yields area of contact as a function
of distance between two reference lines, one imbedded under each surface.
The area of contact can be plotted as a function of the number of increments
used in bringing the surfaces closer together, While it may be assumed that
each increment is an equal length, such is not necessary. Nothing in the com-
puter programming necessitates the increments being equal. In fact, in

earlier, non-periodic tests, the increments were chosen to be other than equal.

It is ultimately necessary to relate the area of contact as a function of
load rather than space between reference lines under each surface. Load, or
stress, can be measured and is applied to a real seal. The distance between
two reference lines under the surfaces is related to load through the compli-
ance or stiffness of the surfaces. Such, generally, will not be known due to
the complexity of the problem, although some studies for particular surface
finishes have been made.

It is of interest, however, to test the area of contact-displacement
curves which might be gained from these computer runs with possible area of
contact-load curves. In order to accomplish this, one can assume that the
displacement increments are equal, and that each increment of displacement
is caused by the same increment of load increase. Prior to accomplishing
this, however, let us review what might be expected with regard to area of
contact-load response.

For two rough surfaces in contact, the area of contact increase with
load is caused by two separate phenomena, first the increase in number of
contacts and secondly the increase in area of contacts already attained. For
two surfaces with several contact points between them, and the local stresses
at each asperity beingintheplasticrange, area of contact is generally believed
to increase linearly with load. Based on a nominal area, the area of contact
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can then be considered to be linear with applied stress. Hence, we can.
expect, at leastinitially (above the elastic stress range on each single encounter),
that our area of contact would increase linearly with load. This is tantamount

to saying that, once the assumption is made that distance increment is caused
by equal increments of load, the area of contact would grow linearly with
displacement increment.on the computer sheets.

However, it is acknowledged experimentally that for large loads, where
the true areaof contdct becomes n€arly the same as the nominal areaof contact, a
linear relationship between area of contact and load would not be realistic. One
would expect naturally that the area of contact would be approached asymptotically
with increase in load. Even at extremely high loads, certainly some portions
of the surface would not mate together absolutely. Such has been shown to exist
experimentally in tests conducted on real seals under this program. It has been
suggested by Finne and Shaw (The Friction Process In Metal Cutting, Transactions
of the ASME, November 1956, pp. 1649-1653) that the area of contact versus
load curve follows an exponential curve given by:

Ar -BN
A 1-e (1)

where Ay is the real area, A is the nominal area, e is the Naperian base, B

is a constant, and N is the load. While small loads would yield nonlinear areaof
contact versus load curves, the deviation from linearity would be smali and
such an equation would allow an asymptotic approach to one of the ratio Ay/A.

Hence, two possible curves might be expected, linearity over the lower
range of load, and an asymptotic approach to 100 percent area of contact for

high loads, which might be represented by equation (1).

2.5 Results of area of contact--load-displacement relationships investigation

If the growth in area of contact is plotted versus increments of displace-
ment for all of six test cases, the curves shown in Figure 2. 25 and 2, 26 result.
In both figures, it will be noted that the curves are anything but linear for very
low increments of displacement, say up to approximately eight units. However,
from approximately eight to 14 units, the curves are exactly linear, then
followed by an asymptotic approach to 100 percent area of contact. Of course,
with a digital representation, a true asymptotic finality to the curves is impos-
sible; at some particular level of displacement, 100 percent area of contact is
achieved,

At this point, it is judicious to question the validity of the mathematical
model at early stages of displacement. For the first few increments of displace-
ment, very few actual contact areas have been produced, as is shown in the
computer print outs displayed herein. Thus, it is certainly unrealistic to
expect that a load increment equal to one producing a displacement, say between



12 and 13, would be equal to the displacement, say between four and five, Thus,
it is fitting to rule out the early part of the data and test the results merely
from the point of linearity forward. In Figures 2.25 and 2. 26, the linear por-
tions of the curve have been extended downward until they intersect the zero
area of contact line. In this condition, however, it is difficult to compare the
curves one against the other. Thus, all six curves have been replotted in
Figure 2,27, In Figure 2,27, all curves are then linear at the outset and all
respondseemingly asymptotically towards 100 percent area of contact for high
increments of displacement.

It is interesting to note the similarities and differences among the six
curves, For example, as the teésts progressed from one to two to three, it
became easier and easier to build up areas of contact per unit displaced., One
would expect this. When the two periodic functions are exactly opposite one
another, then the lowest points in the surfaces would be immediately opposite one
another, and initially the greatest gap height would exist. Hence, more incre-
ments of displacement would be required to bring those final points into contact.
Comparing curves 4, 5, and 6, it is noticed that 4 and 5 yield identical curves,
too close to be plotted separately. Curve 6 is so close that it makes separate
plotting almost impossible. Thus, we have further confirmation, in the case
of the angled periodicity, that sliding of the surfaces makes absolutely no
difference as far as growth of area of contact.

With regard to leakage, the following observation can be made. In
general, the area of contact necessary for the angled periodicity cases, 4, 5,
and 6, is greater than for the parallel cases, 1, 2, and 3. The location on
each curve where leakage was quelled is marked by an X in Figures 2. 24, 2,25,
and 2. 286.

Table 2. 1 tabulates the various displacement/area of contact relation-
ships. It can be noted that five of the six cases, 1, 2, 4, 5, and 6 all sealed at
approximately the same displacement (load) with only case 3 sealing at a much
lower load (incidentally, the test which had no periodic nature to it). Were
increment of displacement to be proportional to load, then one would expect
that the load for sealing in cases 1, 2, 4, 5, and 6 would be approximately the
same, although the area of contact associated with leakage stoppage in each
case would be different. This fact is not completely compatable with logic.

In order to assess whether the load/area of contact curve as described
by an exponential curve is reasonable, Figure 2. 28 has been plotted, showing
the results from test 3 along with anexponential curve, matching the computer
curve at an area of contact of 78 percent. In that only one constant is present
in the exponential equation, closer relationships between the two curves cannot
be expected. In that the exponential curve is an approximation anyway, and has
nothing to do with the physical situation, this agreement is considered reasonable,



Of the two comparisons, the linearity found in the computer curves is
much more encouraging than the proximity between the computer data and an
exponential curve,

From Table 2.1, the extent of the actual linearity existing in the com-
puter data can be seen from column 8, The number in parentheses is the per-
centage of area of contact which exhibited linearity. It can be seen that over
40 percent of each curve was linear with respect to displacement in each case,
The range of linearity, the per cent area of contact at which linearity began
and which it ended, is also plotted in the same column., Column 7 in Table 2.1,
the slope of the lines, defined here as the per cent area of contact divided by
the digital increments required to attain that per cent area of contact, is akin
to the compliance or stiffness of the surface. The steeper the slope, the
easier to attain mating. It is noted that case 3 yielded the steepest slope, with
test 1 yiélding the lowest slope. It can also be noted, as can be seen from the
graphs, that the slopes in tests 4, 5, and 6 are nearly identical. Physically,
this is quite plausible. It would be much easier to produce complete mating on
two surfaces that are generally flat with low relief scratches (as in the lapped
case) rather than two surfaces having asperity distribution such as wedges.

2.6 Future plans

At present, it is planned to continue with the experimental computer
programming as has been described herein in order to make as realistic as
possible the mating phenomenon in a mathematical sense. The question as to
the excess material which is presently ''thrown away'' by use of the Abbott's
bearing curve will be attacked. A means of bringing material properties into
the program will be explored. No major attempts at calculation of flow in the
gaps existing in any of these surfaces will be made until it is assured that the
mating of surfaces is satisfactorily realistic.

Also, efforts are being undertaken to generate surfaces directly from
Talysurf traces rather than development of surfaces via probablistic or
periodic function techniques. Through use of a Talysurf programmed to move
longitudinally and displace laterally, coupled with a digital accumulation of data
which can be stored on punched tape and later committed to a digital computer,
it should be possible to accomplish all that has been accomplished to date with
regard to mating on surfaces gained directly from pieces of metal rather than
mathematics., The adaptation of a Talysurf to such use has been accomplished
by the Burndy Corporation of Norwalk, Connecticut. Attempts at utilization of
this equipment are being made,
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Figure 2.1, Periodic wave form used,
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Figure 2.2. Cases 1, 2, 3 - Parallel Periodic Patterns Perpendicular

to Leak Flow Direction.
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Periodic Surfaces at an Angle, Cases 4, 5, 6.
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THERE ARE 0.7600 PERGENT ZEROS
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Figure 2. 6.
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Distribution After 1 Increment of Displacement,
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THERE ARE 3.0600 PERGENT ZEROS
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Figure 2,7, Case 1l - Paré]lel Periodicity in Phase Area of Contact/Gap

Distribution After 3 Increments of Displacement.
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/ 12667RC0N76523400CBBU7332325709745531668AAB8653

/. 26457AC06541.23690008522121470975553 448AABB6S3

/  3778CB8B553 125AUDBAK543436BA0909064559EFEEB95113
/ 26889FERUA61246BGFUUN5323268BAACABA7758BBBB952
/46890BHFA0B73348CGAEUA6313278CCCDB974228AAA0B53113
/78AUDHJIHB9652548BDUDBAB5312278BCCCA751 169009631
/89DGCGIE9768 247BBCHBBY75314409BCBCA73 5789743
/B7ABAEHD9742 35ABCAAS3 13870B00951 45798542
/7778998CH8864 257AABAA531 2587BEDCC9611489909653
/66B8B8BABAOEBAS1L240AACBLUL642579QCFECE94 367787431
/56877AA08752 248B79095442570ADFDABG2 1566776531
/44988AA0764211358700DU654239AACFCCCB842258990B007635
/744889BBAR7544450AACEU6643490ACFC084 36889A0875 2

LI VI AV R

» /458980096532 127980A7331 2688AEDA(G621256990B0764 2

/7345768985532 12790Cu854424688AHEAQDS1 1670908854314
/73339880C0009676ACEHHUB0546788AHGCA62 159CABB7432 3
/4340U8C0DB8B7$2449BEHHEAT752356706GFCB7313570906521 1
/7425U8CDA7962 337ACNLUT742 2667BHFBCB42670RBC9975413
/356AB0B96851 22600AC975513778DIFEC631577AAB9976744
/133879896773 328AACFCR77468898FDA72114448809977634

/ 11660896651 11800BCU76769989ADCB721 3337698866512

/' 459AB554 BABBUUB6657780AFEE94311137698866512
/ 46907443 9AABCG753245780EBA732 1376997543
/ 46909554  1790BC909424589AGDC8B62 137700855411
/ 58BCA7772 350CDEEUH042468B0AGECB851 3367097454
/ 5BBBA7674 569AABC9A5 3580CHDC74 2367086352
/ 588A97796 458990A683 247BBGDC74 4578A97452
/ 15880890885 347980006951 4489DJHHAT74 24678BA9747411
/ 470878786 56809BA784 3378CHED752 2478A09794 1
/ 278BAB9774 456779862 1560EBAS3 378B07564
/ 669968664 5545676352 2578D9831 1489€CB098512
/ 458868675277678985641 3588EF9942 15700C086&7412
/ 469970785276567885641 2477CCL773 4600A0990744
/ 47AA0B097387789BAB9742570BHIAAB52 299BDEFECCB65
/ 248BBAAB773855798A8974279CDIHB0751 198AAAB0BB423
/ 479CCBAB7516469AFECC94278ACEBDCABS2277089A976212
/ 1690DCBA09®5 526AEMDAA7316989BEBBA661157ABBB0761

/ 278B0DCAA963 427AEBA985 50770CBA935 459BCAB6S
/ 377ADCB074 1 59DEB98B3 15A99ACCA96722669BC0763
/ 2763%AA0741 117BDCAYB3 24089BDBAB5522670BCAB74112

THERE ARE 9,2200 PERCENT ZERDS

Is

Figure 2, 8.

51 J= 8 N= 51 M= 102

Distribution After 5fincrements of Displacement.
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JU09/51 2233800086632

57 /24388713063 64489A7624

58 s122/78Ca73 499805 45786441 44589A6534

59 /12277AB8a631 24%99H641 1 12680086522 3468806534

60 7/ 22870ABB41 124787063121216888642 136794311

61 /7 11667989532 12480908422232680985531 346900863

62 / 4450A8543 1248A008511 1 358752331 4469906431
63 / 445948432 14788863 258753331 2269906431

64 / 1556A06331 39BB096321214698787842337CDCCO73 1
65 s 4667DCNBY94  240EDHHBBSL 1 46099A9095536000073

66 /248780FU9B8051120AEECH941 1 56AAABU752 69998631 1
67 /5698BFHF0773 1200BRA09631 560AAA953 4788741 1
68 /H7REAEGC7541 2500A0U531 22870A0A951 3567521

69 /65QU9CFB752 1390A9931 165808873 2357632

70 /556770A06642 3%9909931 3650CBAA74 267787431

71 /7446669097641 2499A0B442 $577ADCAC72 14556521 1
72 7346955998653 265787322 3589BDB9(4 34455431 3
73 /22766998542 1565888432 1799ADAAA62 367780885413
74 /72266700965322230699AC844212789ADAB62 1466798653
75 /23676887451 57689511 4669CB984 5477808542
76 /12394076331 578A063522 24669FC983 4587866321 2
77 /711176URAB8BB/74549ACFFH083245669FEA94 374906521 1
78 /721286ABU6651 2270CFFC958 1345BEDAYSL 13587843

79 /72 3B86AB9574 1159ABBBH2 4450FDOA62 45700A77532 1
B0 /713494807463 48890A7538 1556BGDCA41 3559907754522
81 / 11657074551 1 699AUDA655246670D895 2226687755412
82 7 44807443 68B0AB545477679BA0S 11154766443
83 / 23796332 6900B88644355679DCC721 154766443
84 / 24785221 7990A /531 23568C0951 154775321
8s 7/ 24787352 5780A7872 23679EBA64 155886332
86 / 35049555 13dABCLCB0OB2 2468B9ECA63 1145875232
87 / 560095452 347990A7938 136BAFBAS2 14586413

88 / 350975574 2367789461 2560EBAS2 235697523

8¢9 7/ 360867653 1257688473 2267BHFF952 2456975252
90 / 258656564 34n8709Y582 1156AFCB53 256987572
91 / 560067552 2345570634 348C0931 156085342
92 / 447746442 332345413 3508761 267A08763
93 / 236646453 55456763542 1366CC772 3588A86652
94 / 247758563 5434566342 255AA551 248898777522
95 / 259980875165567096752 3580F69963 770BCUCAAG43
96 / 260099655163357090752 57ABGF0853 7699908662 1
97 / 297AA09653 42479NCAA72 569ACEBA963 558679754

98 7/ 478BAU98B73 3 49CFB9951 47670C00944 359000854

99 / 568BA99741 2 59CE9763 J3IB8558A09713 23I70A9643.
100 7/ 15598A0852 378C0761 39779AA9745 4470A8541
101 /7 54799852 50BA9601 28670809633 4580A9652

THERE ARE 19.4000 PERCENT ZEROS
[= 51 y= 9 N= 51 M= U2
Figure 2.9. Case 1 - Parallel Periodicity in Phase. Area of Contact/Gap

Distribution After 7 Increments of Displacement.
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99
100
101

SAU0Y/52213376784341

/ 3397A8063 53357943

/ 216530841 188754 1168886441 42267954 2
/ 550A951 277641 2356422 2236794312
/ 55900741 $7764¢2 4688643 1246684312
/ 6589062 2565441 466642 145721

/ 44570731 2687862 1 44876331 1247BA641

/ 223896321 2698863 13653 11 224778421

/ 22379621 2566647 3653111 4778421

/ 33498411 17006/41 247656562 115ABAAB51
/ 2445B8BA8072 28CROUb1 2487797873314888851

/ 24563Dp7683 49CCAYT72 349990853 4777641
/347000F08551 48098741 348999731 256652
/450C9CEAS 32 58898831 65898973 13453
/43787AD053 1789771 43686651 13541
/33455898442 157787 /1 1438A09952 4556521
/22444787542 27798022 13559BA9AS 23343
/12433776431 435649 1367080782 1223321 1
/ 54477632 14360021 577989994 1455686632 1
/ 4453887431 167794622 5679RB964 244576431
/ 145456521 $54K7S 244740762 125568632
/ 18245411 396984 2447DA761 23656441

/ 5$4309666523279ADDUA6GL 23447DC972 1597843

/ 64908443 5B8ADDA7TSL 1236CB98B3J 1365621

/ 164907352 5790063 2238DBBY4 2358895531
/ 12748685241 266792311 3340EBA92 135377855323
/ 43585233 477989433 24458B073 44655332
/ 22685221 466R89632352554570983 32544221
/ 157411 478R006422133457BAAS 32544221
/ 2564$ 57789531 1346A873 325531

/ 256511 35689965 1457C0942 3366411
/ 14697333  1690AA086 2467CA941 23653 1
/ 14887323 1257789971 1469N093 23642 1
/ 148753352 14556724 348C093 134753 1
/ 148645441 35466251 450FDD73 234753 3
/ 36454342 124658734 349DA03Y 3476535
/ 34874533 12335412 126A871 3486312
/ 22552422 11 1232 1 138054 45986541
/ 14424231 332345412 144AA55 136696443
/ 25586341 321234412 339933 266765553
/ 37768653 4354587458 136BDE7741 5580ABA99421
/ 48877433 4113587453 3590EDB631 547778644
/ 359987431 2 257BA995 3479AC09741 336457532
/ 2560987651 1 27AN0773 25458A88722 137888632
/ 346097752 37AC7941 163369875 1 15897421
/ 33709863 150A8%4 17557997523 22589632

/ 3257763 3809744 6458087411 23689743

THERE ARE 32.8200 PERCENT LEKOS

I=

Figure 2. 10,

85 J= 102 N=

51 M= 1U2

Case 1 - Phiallel Periodicity in Phase. Area of Contact/

Gap Distribution After 9 Increments of Displacement.
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209980411 226567323

56 / 228634952 42246832

57 / 1 247973 77642 5777533 31156843 1

53 7 4490064 16653 1245311 11256832 1

59 / . 4489963 266581 3577532 1355732 1

60 / 2478951 145435 355531 3461

61 / 3346962 15767>1 3576522 1367053

62 / 11278521 1587792 2542 11366731

63 / 1126851 145559 2542 366731

64 / 2238873 699703 136545451 40A0074

65 /7 1334A07561 17BAY95 13766867622 377774

66 / 13457CA6572 38880961 238889742 366653

67 /23699CEC744 3799753 23788862 145541

68 /3494888BD0421 2778772 54787862 2342

69 /3267600942 67860 3257554 243

70 /22344787331 266700 327098841 344541

71 /711333676431 - 16687511 2448A0804 12232

72 7/ 132266532 32454 2569A9671 11221
73 4 43366521 325901 4668A8883 344575521

74 / 33477632 56689511 4568A853 13346532

75 / 3435541 . 243506/ 133609651 14457521

76 / 21343 245875 1336C065 1254533

77 / 437985554121680CC975 12336CB861 486732

78 7 >389/332 470CCue62 125BA872 25451

79 / 23896241 268992 1127CA783 124778442

B0 / 16357413 1556842 2239DA081 2266744212

81 / 32474122 S668A3322 13347A962 33544221

82 / 1157411 3557452121443469872 2143311

83 / 463 867799311 223464004 2143311

84 / 1452 4667842 2350762 21442

85 / 1454 24578454 - 346B9831 22553

86 / 3786222 58930575 13568083 12542

87 7/ 3776212 14667846 358C982 12531

88 -/ 37642241 3445613 2378982 23642

89 / 3753433 2435514 349ECC62 123642 2

%0 / 25323231 13547023 238C092 2365424

91 / 23763422 12248 1 15076 23752 1

92 / 11441311 121 27943 3487543

93 v 331312 2212348 1 330044 25585332

94 / 1442523 21 1233 1 228822 155654442

95 v 126657542 3223476542 257CN663 44790A08831

96 / 37766322 3 24763542 2489DC752 436667533

97 7/ 24887632 1 146A0884 2368089863 225346421

98 /7 145987654 160€9662 14347077611 26777521

99 / 235986641 2608643 52258764 478631
100 /7 22698752 490743 6446886412 11478521
101 /7 2146652 2798653 53479763 12578632

THERE ARE 40.2200 PEREENT ZEROS

Figure 2.11. Case 1 - Parallel Periodicity in Phase Area of Contact/
Gap Distribution After 10 Increments of Displacement.
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57 /770UAr9Bb752116798B98587678AACR09778985779B097526666
58 /67AABABB74212679A874/432467987755467699AA907515444
59 /57AABUBUC653379UA9BD754469AA099786786770A907526787
60 /6BAALI09KR444589900978653699987756344246997853 3674
61 /3679090095666899BCALY7657(00099008577579CCL053 2453
62 /12568G9BU9687¢800BCBY/543547887.799757657B0AB053 3444
63 /256869A005766778UA08B64323677778874545760A6053 3655
64 /12579C0C974755790EDCA8654578B88B90AA7759BCCGECO74556¢0
65 /570AAAFCG7AB59CCCGEAB6535777700CEQ99BDAACCDB412344
66 /990BCULIFR9B770CLDGFBB55366668RCBCO76A090AB09634344
67 /CCEFFIHEC9066GABBOCA/43252668ACBBB5588789087412356
68 /EBEUCFFCR7B648B8BABLAL/433668B00BCABE53665778752 1 24
69 /EBCUADEA75442670AC9852114€6799AB9963132366776313235
70 /CBOUCCDABO666466S0ABEB2234€69A0CFDC07776799887425124
71 /BA099BC087565356(EBGU635679ABRDIFC065545776652 4357
72 /AAQBBBB9764313489868634679ACDEIEAT73332367776537579
73 /BAA9GAAB77542348A98A745877ADDFIC09776569B009099557
74 /BBAUGBBYB976€E67ACHBACE578760CDDEN65332358A000056446
75 /7CB9BBU0766543459A6899244459CACECBB652469B099946435
76 /A077790654432455AAA06457679DCCGAT77552470A986735679
77 /BO8BRDEBC9AGEBOCEEMGUE7780AFEDFAB7542476DA0662480C
78 /Co9BABC9668B556BBEFGEA667679CCCGAB7653670A9844 29AC
79 /C89ACAEE54743460D0CA6234360CBEHC9086499BCCRBBB560AA
By 7A88000D742432350LBAC0745647ADDHHAQ065390ABBA9067BR(
81 /758768BC964735457AEBBBAS788BAACCED975233878AAA0067566
82 /43689957425346ADAR934880CBBBELY741227569900045333
B3 /228788A63141235AECCAU4769A0CBEDAD62347569909845322
84 ,235677052 31235HBEBCQB253688BADC9751347569787633433
85 /¢35709A631422350CAECE3646E8CBECN764447569898734434
B6 /3579AAC9636469ACEBFLB4646F0ECDB0753535458897624%977
87 /35798BB9R3IBS5566GAUBA6B645EAGCEBD731324357786514866
88 /3578CBCA0474455898094353460FCEBQ732434468897624645
89 /356790C990463355898BU5474570GEHEBA76656578897626989
90 /24568BA90474366909C(0>364479FCEBQ9433265790AB748646
91 /55799B6078363257997075131146C0B08721116578796525756
92 /3248B8B0B584745867776962 31148A9A954 276890CA967635
93 /11378085859656999807436446BC9A955222490A00C0867413
94 / 1490B967497688896074353350A798441 1390990B0879634
9% / 26UCEB9Q708B00AA0C0/5645AFGACBBB854540EDDFGGA99757
96 /7 38UDDAB96B7609000CA86867BGHDDB9743448CABBBB756678
97 7 30CEEB99685488CDEGDAGAG7ADFEEDAD7444899AAA9435656
98 /25ADEFBB876954666DFHCU79446DDBCCB0B54260BDDB9434545
99 /47BBCEA76563489CBLUEC636337DCBBB60743150BBB07223434
100 /4700CEB9523 157ABDD0645458DCBEA79766470AAB06343324
101 s3589BB962 1 378B(0BBRI766678DCABA7954358ABBBA8B566557

THERE ARE 1.0600 PERCENT ZEKOS
I= 51 ygs= 3 Ns 51 M= 1u2

Figure 2.12. Case 2 - Parallel Periodicity Half Out of Phase Area of
Contact/Gap Distributipn After 4 Increments of Displacement.
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56 /77AULGRE75111666000979G87760A87855555276898742 2233
57 75588970653 45707636545659A08755676355708753 4444
58 /4595(09(065¢ 4579652521 245765533245477997853 3Iz222
50 s/3509080bB4381157607632322479987756456455897853 4565
6l /460907R/b6222567788756431477765534122 24775631 1452
61 /714578788734446770A9865435b8877886355357A48831 231
6y / 3467708B7465466b04079321256655775354356806831 1222
63 / 346779873544550898B6421 145555665232356896831 1433
64 / 3B57BEATRZ53357L0BA9643235666789955370AAECAB523344
65 /35R90GDAKSIOITAAAECY64313555586BACEB770BCoAAB62 122
66 /7780ABGDCT7U5OBARRED(H6831444460A0A7549876008741212%
67 /BACUDGUFCR7B44740UBAYYZ1 33446GA00633665678652 134
68 /COCEALDALS64266G0B8ED2114666B0A9063144355653 2
6y /COABOBLCOB 322 4569A76S 24577907741 1 1445541 1 13
70 /AQ8BBABYA444244789664 124798ADBABS5545776652 3 2
71 /09B/70A86548154b0U8BE413457900BGDAB4332355443 2135
72 /998660075421 12676464124579ARCGC95111 145554315357
73 7099779965532 1206976652365598BR0GAB75543470887877335
76 /0008BL0767544459A(09A06356548ARECB4311 1369888834224
78 /AQ766EB54432123797678 22237AGACA6643 2470877724213
76 /985557843221 23799984235457BAAE95533 2586764513457
77 /086U0BCURT79766BACCFEB4556690CED96532 25086844 2684
78 /A77U90A74463346(0CDECY445457A0AE965431458097622 794
790 /A67989C63252124BEBAS4 1214BA0CFA76642770AA06634899
By 7966877852 41 137BU982234259BRFF98684317890097845008
B1 /533566474251 2350C00(09356699AACR753 116560098845344
B2 1214677052 3 1249E907/72668A000CA752 5347787723111
83 7/ 3566044 2 13YCAAYBZS479RA0CB984 1253477876231

84 / 1345583 1 13UCUAB6 3146600BA753 125347565411211
B / 13587944 2 13tA9CA6142466A0CABD42225347676512212
B /7135799A74142479ACUDB6242478CAB0BS3134132366754 2755
B7? /7135/700076163344796094342369EAC0851 1 21355643 2644
BB /13568B0A9R252233676872131248DAC0B51 2122466754 2423
B9 /713457BA77241133676068252358ECFC09544343566754 4767
QU 7/ 23460978252144787Ab8142257DAC0HB7211 4357896526424

91 s335/7(0856141 35775851 1 ¢4AB(E6S 43565743 3534
92 /1 266863625214555474 1 26979732 5467849745413
93 / 1568636374867776852142240A79733 27698B8A86452 1

94 / 278B0745275466€676852131108957622 17877808657412
95 / 4BACD7R58668B998A8534239DE9AN6632328CBBDEEY77535
96 7/ 166BBO67465467688BAGE46450EFBB07521226£90000534656
97 / 1BACC077463266ABCEE979459BDCCB9852226779997213434
98 / 39BCL065473266(BDFA857226BB0AA6GB632 48(0BB07212323
99 /2500AC954341267A0BC8414115BA00048521 3400085 1212
100 /72588AL073 1 3560BBB423236BA00657544256990841211 2
101 /13670074 15680008544456BA9095732136900006344335

THERE ARE 6.2600 FERCENT ZEROS
[= 51 J= 3 N® 51 M= 102

Figure 2,13, Case 2 - Parallel Periodicity Half Out of Phase.Area of
Contact/Gap Distribution After 6 Increments of Displacement.
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56 /5598970653 446U7757765567965633333

57 /3366758431

58 1237787843 235743 ¢

5467652

11
235854143235477986533454133586531 2222
€3543311 23255775631 1

59 /137768686621 356754181 257765534234233675631 2343

60 /247775654 14556653421 255543312 255341 23
61 / 2396566512224558976432136665566413313599661 1
62 / 12455R6524324€06898581 5443355313213467461

63 / 124557651322335406764¢

€3333443 1 13467461 211

64 / 139566953 3113568007421 154445677331589GCA963 1122
65 /136777B9637415099CA7421 13333669A65580779964
66 /556890EB8563369CUCBB411 222248989532765678652

67 /09ABBEDAES6225768097
68 /ABAC9BB94342 4478076
69 /AB90U70A731 235679541
70 /986669074222 2256744«

¢35578552

11224798841144345643 1¢
24466897841 22133431

22332 1

¢5769B0963332355443 ¢

71 1676558964321 1268866/ 12357880EB96211 133221 13

72 /7764488532 45424, ¢35790AEAT73

233321 3135

73 /187755774331 475475 1433700BE96533212568665655113

74 /6876688545322237987941343269004621
75 /98544663221 1575451 15979A94421
76 /763335621 1577762 13235099€73311
77 /B648B80ABA5754469AADC62534067BA0B7431

147666612 ¢
2586555 2 1
3675423 1235
3607622 469

76 /9558780522411 246ABCA/223255999C74321 236754 579
79 /545767441 3 2600972 260RAN95642 5549084412677
B0 /74465503 2?2 1508768 12 3700DD76621 5678875623886
81 /311344952 3 137A886713447799A0531 4347776623122
82 / 245583 1 2707855 4469Y8B8A953. 31255655 1

B3 / 134472 17A99706 3¢5769BA0762 31255654 1

84 / 123361 18A8964 1 2448709531 31253432

85 / 136572 1697A94 2 2449849632 31254543

86 ¢ 13577952 2 2579ABBU4 2 256A908631 1 1 144532 533
87 / 135858854 4112297687212 147C9A863 133421 422
88 / 13468676 3 1145465 1 26B9AB63 244532 2 1
89 / 12350955 2 11454861 8 136CADAB7322121344532 2545
9y ¢/ 1248756 3 2565661 2 35B9AB65 21356743 42 2
91 /1135586384 2 1355369 2968643 21343521 1312
92 / 446414 3 2333252 475751 32456975232 1
93 7/ 34641415214555463 2 28957511 5676696423

94 / 568523 5324445463 1 167354 56556864352
95 / 269AB5636446677696512 17BC798441 1 6A00BCC755343
96 / 460074524326566697424238CD0O0853 4678888312434
97 ¢ 69AAB55241 44Q0AC07572370BAA0763 4557775 1212
98 s/ 170ABB43251 4460BND%635 4008994641 2680085 1 1
99 s 3889A73212 459B0A62 2 309888263 1688863
100 7 3669A85%1 13780062 1 140988735322 3677862

101 / 1458852 3468880652223409787351 14788874122113

THERE ARE 19.0600 PEREENT ZEKOS
I8 51 4= 10 N® 51 M= 102

Figure 2,14, Case 2 - Parallel Periodicity Half Out of Phase Area of

Contact/Gap Distribution After 8 Increments of Displacement.
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22485585548345743411111

56 /3376758431 324543

57 7114453621 10632 21 1255764311232 1136431

58 7 15565621 19521 1 13211 1 3355341

59 / 16564644 1364582 1 35543312 12 1145341 121
60 / 25953432 2334431 ¢ 3332114 3312 1
61 / 1543443 283675421 144433447 11 137744 '
62 / 233643 21 24467481 12211331 1 124524

63 / 235543 1 1124542 1111221 124524

64 / 1544731 1 13468752 1222345511 367749741
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Contact/Gap Distribution After 10 Increments of
Displacement,
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Figure 2. 16.
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Contact/Gap Distribution After 12 Increments of
Displacement.
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Figure 2.17. Case 3 - Parallel Periodicity Out of Phase, Area of Contact/
Gap Distribution After 11 Increments of Displacement,
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Figure 2.21. Case 4 - Angled Periodicity Area of Contact/Gap Distribution
After 8 Increments of Displacement.
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/3 45641 1111 11611 1 4586684 11 234461
/732 1243 11389531 12315576873 32123335

/ 3441 1 2133573811 42426086752 23234576

THERE ARE 35.7600 PERCeNT ZEROS

=

51 J= 16 N® 51 M= 142

Figure 2.22. Case 4 - Angled Periodicity. Area of Contact/Gap

Distribution After 10 Increments of Displacement.
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Case 4 - Angled Periodicity. Area of Contact/Gap

Distribution After 12 Increments of Displacement.
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Case 4 - Angled Periodicity. Area of Contact/Gap

Distribution After 13 Increments of Displacement.



(syuowaaou] (B3I JO "ON) juawaoerdsi(q
4 (4 0% 81 9T V1 4! 01 8 9 4 2 0
r7
’/
s

| oy %
i @
j+V)
o
! Fo
! o | o 3
g w
o
9 4
w 09 R
‘9 ‘6 ‘b :
SUOTIRUIQUIO)) 90BJING g ‘ﬁ
"I9Y}0 YORE PIEMOT, M )
$90BJING OM], JO jueW |
-aoe1dsIq sA joBUOY | !
joeaay -°gg-°g eandrg- k : ~
" ” 08
|
_ 001




4

(sruawaaou] [II8I( JO 'ON) juswsderdsig

9% ve 44 0¢ 81 91 Tl ¢l 01 8 . 9 i’4 é 0
) 0
0¢
\ \
/ D>
0% 3
o
0
=,
aQ P
g =
&
8
1| 09 &
‘m AN A.H
SUOT}BUIQUIO)) 90BJING
~I9Y30 Yoed PIEMOTL
- sooeJang omJ, JO juawl f
-aoe1dsi( sa 10BIUOD
10 Boay °9g ‘g aandrg \
’ 08
/S )
\ ¢
/
7
L — e 001




(A31a1€2UT] TBIIIU] JO UIOg O} Pa1oauaao)) juswaderdsiq
144 (44 02 81 91 P1 g1 01 8 9 i

2 0
0
/ 02
m
/
I
>
4
| \ / v 9
! Y
: g 5
! ) ©
] \ g Q »
m S ~
: g
\ a
. . / 09 =
‘ 9-1
| SUOT}RUIqWIO)) 90BJING
“I19Y30

yoey pJIEMOJ, S808JING
. omJ, Jo juswadeIdsi(q
pa1oadI0), SA }0BJUOD
Jo eoay ‘Lz°z 2andrg

i
!
i

74 08

l\\\m\

001



Area of Contact (%)

100

80

60

40

20

100 (1-e~

0.268D

/ Figure 2. 28.

son of Combination 3
area of Contact-Dis-
placement Curve with
Exponential Approxim

tion.

Compari-

%

//

2 4 6 8

10 12 14

Displacement (Corrected to Point of Initial Linearity)

2-37

16



3. Advanced Leakage lKxperiments

3.1 Introduction

As mentioned in the previous quarterly report, the purpose of this task
is to broaden the scope of experimental information concerning various seal-
ing systems by extending the capability of the experimental apparatus to opera-
tion in a -321°F to +700°F temperature range. The test fixture in its modified
form was described and pictured. Since that time, a definite test program has
evolved along with some preliminary test results. The accessory hot and cold
parts were fabricated and successfully tested. This describes the proposed
test program and then the test results obtained to date,

3.2 Proposed Test Program

Table 3.1 shows the proposed test program, illustrating the various
scaling surface combinations, Basically, three categories will be investigated:
elastomers, plastics and metals. The elastomers and plastics will be studied
at the -321°9F temperature., The metallic systems will be viewed both at this
low temperature and at a temperature high enough to reduce the yield strength
of the weaker component to 80 percent of its room temperature value, The
last column of the table indicates the maximum temperature of each test, the
limitation being the sensitivity of the metallic seal/gasket component with
temperature. Various references were reviewed for the yield strength versus
temperature information for the data shown in other figures herein,

A number of the proposed tests are similar to those made at ambient
temperature in an earlier phase of this contract., The tests as well as the
description of the surfaces in the column noted in Table 3.1 are described in
Volume III of the Final Report for Phase I of this contract andthesecond contract
period Final Report, June, 1964, The gasket surfaces will be approximately
the same as those used for the previous tests. The tests made with elastomers
and plastics employed a slightly different surface in past tests than the fine
machined surfaces planned for future tests. Previous tests were made with a
medium roughness circumferentially machined surface, slightly coarser than
the surface to be used now.

Whenever two aluminum seal surfaces are to be used, 6061-T6 aluminum
will be employed. This is necessitated by the requirement of welding the inlet
tube to the lower half of the test sample. Aluminum of 2024-T4 grade is not
readily weldable.

3.3 Progress to Date

All components of the test fixture have beenfabricated, including the split
oven and cryogenic enclosure. Figures 3.1 2and3.2 are indications of performance
of the oven and cryogenic chamber, They are plots of temperature versus time
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for a typical temperature test. The temperature is sensed by a thermocouple
adjacent to the seal surface,

Three separate seal tests have been made, each with some measure
of success. The first test was a gasket test employing 1100-0 aluminum as
the gasket with stainless steel (type 347) as sealing surfaces. The fine machined
profile was used in this test on the stainless surfaces. Phase I test data was
taken as in past tests (Volume 3 final report) - at room temperature. Phase
IT was accomplished, this time with the introduction of 6000 psi helium gas
pressure. Phase IIl was accomplished by increasing the stress on the gasket
until the leak was quelled. At this point in the test, the temperature was low-
ered to the liquid nitrogen temperature (-3219F). No further increase in leak-
age was recorded, and the stress was removed, thereby resulting in Phase IV,
still at cryogenic temperature (Figure 3.3). A second part of this test resulted
in repetition of the just described portion, using the same gasket but increasing
the temperature to +7009F. These test results will not be illustrated because
of the inability to reduce the data properly. At the conclusion of the hot test,
the gasket was observed to be severely deformed and conclusive stress data
could not be derived. The final gasket thickness was about 1/2 of the original,
with the gasket area roughly 2. 8 times that of the original.

Reduction of data for the first half of the test was made by utilizing load-
deformation data of a similar material gasket and the same seal surfaces.

Lspeciaily notable is the large difference in stress for Phase III, At
present the large increment of stress required for sealing at high pressure
over that at one atmosphere is attributed to the higher 6000 psi pressure.

A second similar test, however; resulted in contrary results (Figure 3. 4).
This test was essentially a repeat of the first using an 1100-F aluminum gasket
which had been annealed prior to machining to the 1100-0 state, The same
stainless steel surfaces used for the first test were used here. The data were
taken only at room temperature. The attempt to go to cryogenic temperature
resulted in a leak occurring at the indiun vacuum seal, making further testing
impossible. To be noted in this test, however, is the similarity of the Phase I
with that of the first test. Phases II and III, however, are entirely different
from the first test. An increase in internal pressure to 600 psi resulted in no
greater leakage and hence no Phase III was required.

A third test (Figure 3.5) was a metal to metal test without a gasket.
The seal surfaces were in high relief from the remaining structural mass by
. 030 inches. Aluminum 2024-T4 and type 347 stainless steel were the seal
materials utilized, each with a fine circumferentially machined surface. Two
attempts were made to complete Phase I for this test, the second immediately
following the first without disturbing the test set-up. As can be noted, the leak
was never quelled in the first attempt (Curve A) even though the normalized
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stress was raised to 2. 4 times the yield strength of the stainless steel(=35000
psi).

The normal load was removed and then reapplied without distrubing the
test set-up. These data resulted in Curve B of Figure 3.5. With a stress of
2.4 times the yiéld strength of the stainless steel, measurable leakage still
occurred, At this point, it was decided to disassemble the seal pieces for
visual inspection. Nothing out of the ordinary was evidenced, A Talysurf pro-
file test was made and showed both materials had yielded at the surface, the
aluminum apparently more so than the stainless steel.

3.4 Future Work

Future work will involve attempts to resolve some of the questions
raised by the just described tests. A non-uniformity of results was noticed and
hopefully will be resolved (Tests #1M and #3M)., The metal-to-metal test will
be repeated going to higher loads before a conclusion can be made as to seal-
ability.

Further work will be done to optimize or improve the sealing ability of
the vacuum seal to enhance its reliability. A few seal tests were shortened by
inability of the seal to operate properly at the low temperature. A spring load-
ing feature is contemplated to overcome this difficulty without sacrifice of the
liquid metal seal capability at the high temperatures.



‘Terasjews jo 1disdaa jo awir}) £q pauIuwIIalep J9pi(O)

punoaii £L11edipea nHY
SururyoBW TBIIUSJISJWINO ITD 9SJIBOD JAD
SUTUTYORWI TBTJUSJIDJUINDITD OUT] N

:8po)H

GIS+ 03 1g8- 03 °L 'Y’ --- DYy TV-1909 011V-1909 4
00%+ 03 1g¢- 0} "L°'Y --- O ‘S'SLPE 01 ‘SSLPE 44
GI€+ 0} 1Z€- 0} "L 'Y --- D IV-1909 ® TV-1909 €¢
00%+ 03 Tg€- 03 "L 'Y --- N1 ‘S'SLYE ® 'SSLYE (44
GI6+ 03 1gg- 0} "L°'Y --- NI IV-1909 031V-T1909 12
00%+ 01 Tg€- 0} 'L 'Y --- Dy 'S'SLYE ® S 'SL¥E 0¢g
00€+ 03 1g€- 0} "L 'Y --- oUu IV #L-%202 ® 'S 'SL¥E 61
0S¢+ 03 1g€- 01 'L 'Y ‘IV 0-00TT D IV-T909 ® 1V-1909 8T
GIE+ 03 Tge- 03 "L °Y TO3OIN NI IV-1909 ® IV-1909 L1
00E+ 01 TZ€- 0} "L "4 --- D IV $L-%202 ® 'S "SL¥E 91 «
GI€+ 03 1gE- 0} "L 'Y Jaddop NI IV-1909 ® 1V-1909 QT -
0G6¢+ O3 1g€- 01 LY IV 0-0011 W IV-1909 ® IV-1909 ¥1
008+ 03 1g€- 01 L'y --- NI IV ¥1-%20C ® 'S 'SL¥E €1
00%+ 03 1g€- 03 "L °Y TONOIN DY 'S 'SLE g1
00%+ O3 12€- 03 "L°Y Jaddop DY 'S 'SL¥E 1T
062+ 031 1g€- 031 "L 'Y ‘IV 0-00TT Dy 'S'sLye 01
009+ 03 1¢¢- 0} ‘L 'Y T9OIN no ‘S SL¥E 6
00%+ O3 12€- 01 'L 'Y aaddop D 'S 'sL¥e 8

1ze- 0} ‘L°Y auaadoaN NI 'S 'SL¥E L

12€- 0} "L°'Y V UOjrA L ‘S'SLvE 9% x

12¢- 0} "L°¥" HAL UOTIa T, NI ‘S'SLYE g

12¢- 03 "L°Y dHdd UoTIag, Nl 'S 'SLYE 14

12¢- 01 "L'49 H-193 NI ‘S'SLYE €

1Z2g- 03 "L°d  J12qqny SUOdITIS Nl ‘SSLvE &
062+ 03 1¢¢- 01 'L 'Y IV 0-00T1 L 'S'SLYE I

?mov aduey -duwiaJ, 193 Sen 90BJING 189S TelI9)eA [eoS Joquiny 1S9,

SINWH.LSAS LSHI ddSOd0dd
178 HTEVL



Temperature - Degrees F

800

700

600

[S)]
o
o

1N
o
(o)

w
(@]
(@)

200

100

L
//
/
/
0 10 20 30 40 50 60 70 80

Time - Minutes

Figure 3.1. Seal temperature vs. time for a typical high temperature test.
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4, Tube Connector Utilizing Superfinished Sealing Principle

4,1 Introduction

In the previous quarterly report, it was concluded that the connector
will be made of either a regular stainless austenitic steel or the superalloy
A-286., It was also found that several materials problems would make it
necessary to complete a preliminary test program before the final design could
be attained. This test program would aim at answering the questions:

1. Does welding of the connector to the tubing deform the superfinished
surface?

2. Can heat effects during the welding be limited such that the cold
drawn properties of the 316 steel tubing are not affected?

3. If A-286 is used, it must normally be welded in the annealed (soft)
condition and then heat treated. Thus, the heat treatment must be
be made after the superfinish has been applied to the seal surface.
Does this procedure affect the quality of the surface?

4. Can an acceptable superfinish be applied at'all to an A-286 surface?

The test program, designed to answer all those questions, was presented in
Section 4. 4. 3 of the previous quarterly report. At the time when that report
was written, three test pieces had been designed and manufactured, and were
sent out for superfinishing.

During the last contract period, most of the tests according to the pro-
gram, with minor meodifications, have been accomplished. Results and con-
clusions will be discussed in the remainder of this report.

One more task has been undertaken during this period. In the previous
quarterly report it was concluded that a connector designed for 6000 psi and
made of regular stainless steel would have to utilize a seal interface with a
secondary load path. The secondary load path alternative has later been ruled
out due to manufacturing difficulties. It has therefore been investigated whether
a reduction of the design pressure from 6000 psi to 4000 psi will make a single
load path type connector made of regular stainless steel feasible.

4,2 Conclusions and Recommendations

The conclusions which can be drawn from the efforts during this period
are summarized below.

1, A-286 can be given an acceptable superfinish by using the technique
employed by Jones Optical Works.



2. Heat treatment for hardening of A-286 affects both flatness and
surface finish of the seal surface to a degree where it can be sus-
pected that the sealing ability is reduced.

3. Welding connector and tubing together with TIG-weld does not
change the surface finish, but warps the seal surface seriously.
The method can primarily be ruled out. (The welding itself presents
no problems, )

4, Electron beam welding has been successfully used to weld a fully
hardened connector to the tubing, and does not affect the flatness of
the seal surface seriously, The optimized welding parameters
have not been established yet, but it is believed that in EB-welding
a practical and satisfactory solution to the problem has been found.

5. The feasibility study for a 4000 psi connector shows that it, from
seal interface considerations, can be designed for regular stainless
steel and single load path.

It now has to be determined whether the connector shall be designed for 6000
or 4000 psi. In both cases EB-weld has to be employed. The 6000 psi con-
nector must be made of a superalloy like A-286, the 4000 psi connector can

be made of regular stainless steel, at the expense of increased weight and
volume. It appears to be advantageous to use A-286 for both design pressures.

We plan the following work during the next reporting period.

1. Complete the EB-weld study. It looks now like it will offer the
possibility of welding fully hardened A-286 to tubing without warp-
ing the seal surface or producing cracks. (If hardened material is
weldable, the superfinish can be applied after the hardening, and
that part of the problem is removed.)

2. Simultaneously, begin the final design of a connector, assuming that
A-286 and EB-weld will be used.

4.3 Test Program

The three test pieces (No.. 1 a separate flange, Nos. 2, 3 a flange +
union, together with a nut forming a complete connector) were submitted to the
following tests:

Sample 1
1 Superfinish
2 Measure flatness and surface structure
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3 Heat treatment  test (1325°F, 16 hours in vacuum)
4 Measure flatness and surface structure
5 The warped surface lapped flat at Research and Development Center,
Buildings 5 and 37 shops
6 Measure flatness
7 Electron beam weld with Cu-heat shield
8 Measure flatness
Sample 2
1 Superfinish
2 Measure flatness and surface structure
3 TIG-weld (Fusion weld with inert gas protection)
4 Measure flatness and surface structure
5 Stress relieving (1600°F, 1 hour in vacuum)
6 Measure flatness and surface structure
Sample 3
1 Superfinish
2 Measure flatness and surface structure
3 Electron beam weld without Cu-heat shield
4 Measure flatness and surface structure

4,4 Discussion of Test Results

4.4.1 Quality of Superfinished A-286 Surface

All three test samples were superfinished simultaneously and showed
similar surface structure and flatness.

The surfaces are shown in Figures 4.1 - 4.4, Except for randomly
located pits caused by impurities (carbide precipitation) in the metal, the sur-
face is extremely smooth. No scratches are deep enough to cause displace-
ment of the interference lines (Figure 4.3). The Nomarski photos with higher
magnification show very shallow, randomly oriented scratches. The surface
finish obtainable for A-286 compares well with the stainless steel 347 samples
which were superfinished earlier by Jones Optical Works.

Figure 4. 4 shows the flatness of the whole seal surface. It is obvious
that the flatness is well within the limit (1 helium band).

It should be noted that in Figure 4.4 and several other figures showing
Lapmaster interference photos, many scratch-like marks can be seen in additon
to the interference lines, Those are, however, scratches in the optically flat
glass disc which is placed on the surface, and have nothing to do with the
superfinished surface.




4.4.2 Hardening Heat Treatment of A-286

Test sample No. 1 was machined and superfinished in the soft, annealed
condition., The recommended hardening heat treatment is 1325°F for 16 hours.
The test sample was so treated in vacuum and allowed to vacuum cool in order
to avoid any oxidation,

After the hardening, no changes were visible to the eye. No discolor-
ing of any part was noted. However, the surface, as shown in Figures 4,5 -
4,7, was changed to some degree. Figure 4.5 (interference photo) and Figure
4,6 (Nomarski photo) show that a relocation of crystals has occurred during
the hardening. This could have been expected since the hardening involves
precipitation of a titanium carbide compound at the crystal boundaries. The
maximum relative displacement of the crystals perpendicularly to the surface
was measured by an optical interference method and found to be 1.5 - 1,6 x 10~
in (compared with the allowed 0. 5 x 1076 in).

Figure 4.7 shows the change in the surface flatness. Before the heat
treatment the surface looked like Figure 4. 4, afterwards like Figure 4.7. The
latter is a convex surface combined with some rounding off at the seal edges.
The degree of convexity is shown in Figure 4.7, Assuming a seal height of
0.10 in, to press two convex seals of this type into full contact with each other
wouild require a seal stress of approximately 6000 1b/in2 ‘at thé iriner edge (at
the same time as the seal stress is zero at the outer edge).

4.4.3 TIG-welding of Connector to Tubing

Test sample 2 was fusion welded with inert gas protection (TIG-weld)
to 316 stainless tubing. The test setup and the weld are shown in Figure 4. 8.
In order to determine whether cold.drawn properties of the tubing can be pre-
served during such welding,the temperature at point B (Figure 4.7) was mon-
itored. (Compare Section 4. 5.2 in the previous 'quarterly report.) Tempera-
ture at point A close to the superfinished surface was also monitored.

Figure 4.9 shows the temperatures at A and B during the welding.
Peak temperature at B is approximately 900°F, which is more than the 700°F
which is the maximum if the cold.drawn strength properties of the tubing are to
be preserved.

Figures 4. 10 and 4. 11 show the seal surface after the welding, Figure
4.11 compares well to Figures 4.1 - 4. 2 and shows that no apparent change in
suface structure has occurred. However, Figure 4. 10 shows a serously warped
seal surface, saddle-shaped,with a peak to peak deformation of approximately
140 yin. (Defined as minimum distance between two parallel flat surfaces which
can enclose the seal surface.) This is definitely more warping than can be
tolerated.
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The welded piece was stress relieved (1 600°F for 1 hour in vacuum),
Figure 4, 12 shows the resulting surface, It is still saddle-shaped.

The welding itself could be performed without difficulty and resulted
in a very good looking weld, This shows that A-286 and Stainless 316 are
compatible.

One way to reduce the varying of the seal surface, as pointed out in the
previous quarterly report, Section 4. 4. 3, is to use a heat shield between the
weld and the seal surface. This was tried for the Electron beam weld (next
section) with negative results, and is therefore not expected to help the TIG-
weld,

4,4,4 Electron Beam Welding of Connector to Tubing

Electron beam welding is a relatively new technique but is now
practically available to solve welding problems. The heat is produced by a
beam of electrons with.energiesin the range 10 - 15, 000 ev. This beam can
be made very narrow (4-5x10-3 in, ) and makes an extremely fast welding
technique possible wherein the total heat input necessary to perform a certain
weld can be kept very low, The very fast process has also made it possible
to weld materials which would not be compatible during welding with conven-
tional means, For example, it has been possible to weld hardened super
alloys without producing cracks.

Low total heat input will give small deformations of the welded pieces,
which is what we desire to solve the connector welding problem.

Two pieces, test samples 1 and 3, have been welded to tubing by
means of electron beam weld (EB-weld). The weld configuration was chosen
with regard to the present design of the test pieces, and does not represent
the final solution. The calculated sections of the welds are shown in Figure
4,13. The actual appearance of the welded pieces is shown in Figure 4, 14,

Test sample 1 was welded first using a copper shield between weld
and seal surface. Flatness before and after is shown in Figures 4. 15 and
4.16. The surface is warped. However, it is believed that the warping is
caused by the cu-collar., The collar was assembled around the connector and
tightened before the weld. The engineer who made the weld observed there-
after the interference lines and found them not parallel but similar to Figure
4,10, i.e,, the seal surface was saddle-shaped caused by the cu-collar, He
then made the weld and later observed the interference lines again, finding
an unchanged pattern. The new pattern shown in Figure 4.16 was obtained
after removal of the collar,

It is believed that the cu-collar was pressed so hard against the con-
nector {to obtain high thermal conductances) that it warped the surface
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approximately 100 pin. elastically, and then during the weld some stress
relieving caused the permanent deformation.

Test sample 3 was then welded using a narrower beam to produce less
heat, and no cu-collar. Figures 4,17 and 4. 18 show the flatness before and

after, It is observed that the surface after the weld is flat well within the 1 H-.-

band limit.

The first weld (test sample 1) was made on fully hardened A-286. It
shows no cracks observable by microscope at the surface, The test piece
has been vacuum checked for leakage and was found. tight.. It is currently
being pressure tested and will thereafter be sectioned.

The second weld (test sample 3) was made on annealed A-286,

There is no risk that the seal surface structure is changed during EB-
weld; the seal surface is much cooler than during a TIG-weld.

4. 5 Feasibility Study of 4000 psi Convector

In the previous quarterly report it was concluded that a 6000 psi con-
nector with single load path, made of a regular 300-series stainless steel
was not feasible.

Since then the double load path alternative has been ruled out because
of manufacturing problems. It has therefore now been investigated whether
a change from 6000 psi to 4000 psi would make the connector feasible, '
The study will not be described in detail in that similar calculations were
shown in the last quarterly report. Only the result will be mentioned.

1. The change in pressure changes the allowable seal stress
variation from 10, 000 psi to approximately 13, 000 psi if the
target 3x1 076 atm cc/sec leaves unchanged (compare previous
quarterly report, Section 4. 6. 2).

2, The seal stress variation due to internal pressures and external
loads changes. (It is assumed that the external vibration loads
are not changed.) Comparing to previous quarterly report
Section 4. 6. 3, the calculation results change in the following

Way:
F: 3829 — 2945 lbs
F__: 807 — 538 lbs
as
Fy F_+1314 = F_+1003 lbs
n p p
F,: F -2481 — F - 1924 1lbs
3 p b
AFS: 2481 — 1924 1bs
— . 2
seal: 9530 7240 1bs/in
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The thermal transient calculation does not change.

Since A0gegl = 7,240 psi is now considerably below the allowable seal
stress variation, 13,000 psi, it is considered that a single load path, regular
stainless steel, superfinished seal 3/4 inch connector designed for 4000 psi
operating pressure is feasible. However, a design using A-286 or another
strong alloy will naturally result in a considerably lighter weight connector.
The EB-weld will still have to be used if regular stainless steel is used as
connector materials.
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Figure 4. 1.

Figure 4. 2.

Nomarski Micro-photo of Superfinished A-286 Surface
(Sample 1) Magnification 460 x.
Finish Made by Jones Optical Works.

Nomarski Micro-photo of Superfinished A-286 Surface
(Sample 2) Magnification 460 x.
Finish Made by Jones Optical Works.




Figure 4.3. Interference Photo (Helium Light) of Superfinished A-286

Figure 4. 4.

Surface (Sample 1) Magnification 200 x.

Lapmaster Interference Photo (Helium Light) of Superfinished
A-286 Surface (Sample 1) 11.8 - 10-6 in Between Interference
Lines.

Visible Scratches Exist in Lapmaster Glass.




Figure 4.5. Interference Micro-photo (Helium Light) of A-286 Surface
After Hardening (Magnification 200 x).

Figure 4. 6. Nomarski Micro-photo of A-286 Surface After Hardening
(Magnification 460 x).
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Figure 4. 7.

A-286 Surface After Hardening.
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Figure 4. 8.

TIG - Welding of Connector to Tubing.

a)

b)
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Figure 4.9. Temperatures monitored during TIG-welding of connector to tubing.
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Figure 4. 10,

Figure 4.11.

Lapmaster Interference Photo of Seal Surface After
TIG - Welding of Connector to Tubing.

Nomarski Micro-photo of Seal Surface in Figure 4. 10,
(Magnification 460 x),
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Figure 4. 12,

Lapmaster Interference Photo of Seal Surface After Welding
of Connector to Tubing and Following Stress Relieving.




Test Sample 1

Connector
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Weld 5
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Tubing I
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Connector
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Weld
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Figure 4.13.

Electron beam welds.
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lmm =2+ 10 “in.

Weld Data

Voltage - 120 kv

Current - 5 ma

Spot Dia. - 10 mil

Est. ’
Penetration - 50 mil

Beam Angle 5°

Weld Time - 4 sec.

Voltage - 120 kv

. Current - 3 ma

Spot Dia. - 6-7 mil
Est.

Penetration - 65 mil
Beam Angle - 5°
Weld Time - 4 sec



Figure 4. 14.

a)

b)

Electron Beam Welds on Test Process 1(a) and 3(b).
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Figure 4.15.

Lapmaster Interference Photo of Test Sample 1 Before
Electron Beam Weld.

Figure 4. 16.

Lapmaster Interference Photo of Test Sample 1 After
Electron Beam Weld.




Figure 4.17.

Lapmaster Interference Photo of Test Sample 3 Before
Electron Beam Weld.

Figure 4, 18.

Lapmaster Interference Photo of Test Sample 3 After
Electron Beam Weld.
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